The use of comparative genomics to infer genome function relies on the understanding of how different components of the genome change over evolutionary time [1] [2] [3] . The aim of such comparative analysis is to identify conserved, functionally transcribed sequences such as protein-coding genes and non-coding RNA genes, and other functional sequences such as regulatory regions 4, 5 , as well as other genomic features. Here, we have compared the entire human chromosome 21 with syntenic regions of the mouse genome, and have identified a large number of conserved blocks of unknown function. Although previous studies have made similar observations 6, 7 , it is unknown whether these conserved sequences are genes or not. Here we present an extensive experimental and computational analysis of human chromosome 21 in an effort to assign function to sequences conserved between human chromosome 21 (ref. 8 ) and the syntenic mouse regions. Our data support the presence of a large number of potentially functional non-genic sequences, probably regulatory and structural. The integration of the properties of the conserved components of human chromosome 21 to the rapidly accumulating functional data for this chromosome 9, 10 will improve considerably our understanding of the role of sequence conservation in mammalian genomes.
The sequence of human chromosome 21 (ref. 8 ) was obtained from the National Center for Biotechnology Information (NCBI) and aligned with PipMaker 11 to the mouse orthologous sequences (both sequences were hard-masked with Repeatmasker). Details and parameters of the alignment are described in the Methods. Briefly, 33.5 megabases (Mb) of human chromosome 21 sequence was compared to approximately 21 Mb of mouse sequence from chromosomes 16, 17 and 10 (refs 7, 12) . A large number of ungapped conserved sequences were identified and their distribution depending on the percentage identity and size thresholds is shown in Fig. 1a . We chose to analyse ungapped sequences of $100 base pairs (bp) with $70% identity, yielding a total of 3,491 blocks. These threshold criteria are informative for the identification of important genomic functional elements 13, 14 . From those 3,491 blocks, 1,229 correspond partly or fully to known exonic sequences and annotated pseudogenes of human chromosome 21 (denoted as known) 8, 10, [15] [16] [17] [18] , and the remaining 2,262 blocks have unknown function (denoted as unknown). When compared with each other they did not have significant similarity, indicating that they are not repeats or widespread structural features. They also appear to be single copy in the human genome. Figure 1b- Unknown conserved blocks probably belong to the following six categories with respect to their function: (1) alternatively spliced, unknown exons of known genes; (2) exons of unknown genes; (3) non-coding RNAs; (4) cis-regulatory regions; (5) functional sequences of unknown significance; and (6) non-functional sequences with low divergence due to low substitution rate. In this study we investigated how the 2,262 unknown conserved blocks are distributed in the above six categories of conserved sequences.
To test experimentally the coding potential of the unknown 2,262 conserved blocks we applied four different methods to obtain candidate gene models in the human sequence: GrailEXP, ProGen 19 , human and mouse expressed sequence tag (EST) matches and adjacent conserved blocks. We also used NCBI annotations mostly on the basis of the gene prediction program GenomeScan, and performed BLAST analysis to identify which of the conserved blocks matched NCBI annotations. Out of 454 hypothetical loci in the NCBI human chromosome 21 annotations, most of which are GenomeScan predictions, only 18 matched 59 unknown conserved blocks. Furthermore, a total of 123 gene models (24 GrailEXP predictions, 10 Pro-Gen predictions, 26 EST matches and 63 adjacent conserved blocks) were tested experimentally. Oligonucleotides spanning putative introns of the gene models were used for polymerase chain reaction with reverse transcription (RT-PCR) amplification and sequencing on a panel of complementary DNA pools from 20 human adult and fetal tissues. Out of 123 models, only 2 spliced transcripts (1 Pro-Gen model and 1 GrailEXP model) were confirmed (1.7%). By using this RT-PCR methodology in other studies we documented transcripts of more than 98% of the human chromosome 21 genes, and discovered 19 additional transcripts 10, 18 ; we also found 139 additional transcripts in the whole mouse genome 12 . All 26 ESTand 63 adjacent block models were also tested in the presence and absence of reverse transcriptase in hepatoma cell line and brain cDNA pools, to reveal possible unspliced non-coding RNAs. None of the 89 models showed evidence for the presence of an unspliced transcript in the tissues tested. In addition, using QRNA 20 , which predicts coding sequences and non-coding RNAs on the basis of the pattern of substitution between two sequences, only 225 and 193 conserved blocks were predicted as coding or non-coding RNAs, respectively.
To investigate further the potential of functional transcription of the conserved blocks, we analysed a data set that reported the levels of transcriptional activity across the human chromosome 21 unique genomic sequence in 11 human cell lines, using Affymetrix oligonucleotide arrays 21 . We first created a non-redundant set of the oligonucleotide sequences reported as positive in at least one cell line 21 , and then used BLAST to identify those sequences that matched conserved blocks. To avoid spurious positives we selected conserved blocks that corresponded to at least two positive oligonucleotides of the array. A total of 485 (21.4%) conserved blocks matched two or more positive oligonucleotides in the array.
We combined 6 pieces of computational and experimental evidence (GrailEXP prediction, GenomeScan prediction, human ESTmatch, mouse ESTmatch, QRNA prediction-coding, and RNAand oligonucleotide array match) to obtain a signal of functional transcription for each of the 2,262 unknown blocks. Figure 2 shows that this signal is weak and that most of the blocks (63%) have no letters to nature support. Three conserved blocks that probably correspond to genes with high experimental support-according to the NCBI annotation-and a gene identified by our group during this analysis stand out as highly supported in Fig. 2 Table 1 summarizes the coding potential and expression characteristics of all 2,262 unknown conserved blocks as derived by the in silico and experimental analysis.) The pattern seen in Fig. 2 combined with the previously described experimental RT-PCR analysis suggests that the functional transcription potential of most of the 2,262 unknown blocks is low.
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None of the above methods (except for QRNA) make use of the pattern of substitution between the human and mouse sequences. In coding sequences most of the nucleotide changes are synonymous and occur at the third position of a codon. To exploit that characteristic 22 , for each of the human-mouse alignments in the 2,262 unknown blocks and the 1,229 known (exonic) blocks we obtained measures of the distances (in bp) between consecutive nucleotide substitutions. Figure 3 shows the distribution of these distances in known and unknown conserved blocks. Within the known blocks there is a pronounced periodicity (period ¼ 3) owing to the high frequency of synonymous changes in the third position, which is not at all present in the unknown set. We performed the same analysis in the unknown blocks identified by GrailEXP, GenomeScan, oligonucleotide array data, and QRNA, and none showed periodicity (see Supplementary Information) . These data further demonstrate that most of the unknown conserved blocks are unlikely to be coding sequences.
To test for active (functional) conservation we attempted to amplify by PCR a total of 220 (about 10%) of the unknown conserved blocks in a third species, the rabbit. This species was chosen because, on the basis of mammalian phylogeny, it is almost equally distant to mouse and human (slightly closer to mouse). Thus there has been enough time since its separation from the two other species to allow efficient phylogenetic footprinting [23] [24] [25] . The distribution of conserved blocks amplified in rabbit is very similar to the distribution of the unknown conserved blocks on human chromosome 21. Out of the 220 unknown conserved blocks, we obtained 111 distinct rabbit sequences without any bias in their position on the chromosome (remaining sequences did not amplify or had multiple PCR products), and a total of 18,288 nucleotides were aligned in all three species with MultiPipMaker. Average measures of divergence of the rabbit sequences were within the expected level (Supplementary Information), which supports the hypothesis that these sequences are orthologous. Three-way species sequence analysis 26 allows for a detailed description of the pattern of substitution within these regions. Although in ref. 6 some three-way analysis was performed, the methodology did not allow for either reliable quantification of conservation or analysis of the pattern of substitution, which can reveal significant properties of these sequences.
To perform a fine analysis of substitution patterns, we counted the species-specific substitutions in each of the 111 conserved blocks (see Supplementary Information for methods) and constructed a 3 £ 111 contingency table to test whether there is heterogeneity in the substitution pattern. A Fisher's exact test shows that the pattern is significantly heterogeneous (P , 10 24 ). All three species seem to contribute to this heterogeneity (Fig. 4a ) and thus it is not an artefact of the presence of paralogues in rabbit data or differentially accelerated substitution rate in mouse. Performing the test in a sliding window of blocks within 1 Mb or 500 kb of genomic sequence, most tests show P , 0.001; this heterogeneous pattern cannot be explained by regional variation of species-specific mutation or substitution rate. Therefore, despite the fact that these sequences are conserved as a whole between species, the heterogeneous species-specific substitution patterns suggest differential selective pressure. Fine scale species-specific changes in a conserved sequence could indicate differences in putative functional regions (for example, regulatory) that contribute to species differences 5, 27 . A recent study suggested that variation in substitution rate among genomic regions 28 is probably due to different nucleotide composition bias between species in some genomic regions 29 , which would increase the mutational bias of a sequence within these regions. This allows for a prediction of the effect of the genomic context to the neutral substitution rate. We explored the substitution pattern of the conserved regions by focusing on the type of nucleotide changes that have occurred. We calculated the difference in the (GþC) content between human and mouse in the letters to nature 2,262 conserved blocks (Fig. 4b) . There is a pronounced skew towards higher (GþC) content in the mouse sequence, which implies different mutational pressure in this genomic region in the two species. With the three-way species alignment we can determine the direction of these substitutions (Fig. 4c) and decide which of the species drive the (GþC) content differential in the conserved regions. Out of the 637 human-specific substitutions 293 (46%) were AþT to GþC and 271 (42.5%) were GþC to AþT. For mouse these numbers were 624 AþT to GþC out of 1,215 (51.3%) and 370 GþC to AþTout of 1,215 (30.4%); for rabbit these were 358 AþT to GþC out of 686 (52.1%) and 217 GþC to AþT out of 686 (31.6%). This demonstrates that there is no mutational bias on human chromosome 21, whereas there is an AþT to GþC mutational bias in the mouse and rabbit syntenic regions. The difference in the mutational bias between human and mouse/rabbit in these regions increases the pressure for substitutions so as to reach the species-specific nucleotide composition equilibrium. This observation suggests the presence of an extra force of nucleotide change (AþT to GþC bias) that increases the substitution rate relative to a non-bias model. High sequence conservation with the presence of this bias is an additional support for their functional significance.
A preliminary description of sequence conservation along human chromosome 21 has been presented in previous studies 6, 7 . These studies have detected patterns of conservation similar to our study, but the question of whether these unknown conserved sequences are unannotated genes or are non-genic remained unanswered. This is an important question because genic and non-genic sequences require different experimental approaches for their functional analysis. The fact that many conserved sequences are not present in the current gene annotation does not necessarily mean that they are non-coding, as discussed in the accompanying manuscript, where a significant number of new genes have been verified experimentally 12 .
In our study, we tested specific hypotheses about the importance of the unknown conserved sequences. With this analysis we rejected the hypothesis that the unknown conserved sequences on human chromosome 21 are unannotated genes, therefore emphasizing the need for specific experimental strategies to unravel the function of such non-coding sequences.
Another major aspect of the present study is the use of direct nucleotide alignment to perform the analysis. One study used highdensity microarrays 6 , which provide qualitative but not reliable quantitative data in terms of numbers and types of substitutions at levels of divergence such as those between human and mouse. Another study performed nucleotide comparisons 7 , but the data were restricted to the degree of overlap of the conserved sequences with the known genes, and only involved two species. In our study we describe certain characteristics of the pattern of substitutions between human, mouse and rabbit that allowed us to test the coding potential of the conserved sequences, as well as the degree of active conservation. Our analysis demonstrates the power of combining computational, experimental and evolutionary analysis for the understanding of genome function.
Despite our extensive computational and experimental efforts to assign gene identity to the 2,262 unknown conserved blocks, the evidence we present indicates that most of these conserved blocks are not protein-coding or RNA genes. The selection of ungapped alignments for $100 bp is conservative, as ungapped sequences are more likely to be coding to maintain the open reading frame. Therefore the number of non-genic conserved sequences we identified here is an underestimate (see also Fig. 1a) . Sequence conservation of at least 50% of a sample of the conserved blocks was confirmed in rabbit. This level of conservation, in light of the substitution biases in the sequences described here, shows that the selective constraint is high. If at least 50% of the 2,262 unknown blocks are selectively constrained and 63% of them have no support of being genes, as we have shown, then we estimate that there is a lower bound of 712 functional sequence blocks of $100 bp with no gene characteristics on human chromosome 21. This large number of functionally constrained sequences that are not genes probably consists of regulatory regions and unknown functional features of the genome that we are now beginning to discover. Further study of non-genic sequences will improve significantly our understanding of features shared between species as well as species differentiation. Trisomy for some of these non-genic sequences may also contribute to Down's syndrome phenotypes, and their functional characterization provides an attractive challenge for the understanding of genome function in health and disease. Although the present analysis is performed in human chromosome 21, the conclusions can be projected to the whole human and mouse genomes. As discussed in the accompanying manuscript 12 there is a high abundance of conserved regions not corresponding to known genes and a large fraction of those are not genic. Human and mouse sequences were searched with BLAST to identify the genomic boundaries of known genes, and using these boundaries the contigs were separated in slightly overlapping segments of approximately 2-3 Mb. Subsequently they were individually aligned using PipMaker. In all cases where we used BLAST for the identification of the characteristics of the conserved blocks, we required stringent matching criteria with an e-value ,10 220 and similarity .98%.
Gene prediction
We used four different methods to obtain gene models. For the GrailEXP method (http://compbio.ornl.gov/grailexp/) we performed exon prediction on extended versions of the human sequence of the conserved blocks by adding 50 bp upstream and downstream to provide the appropriate genomic context, and we chose pairs of predicted exons that were less than 100 kb apart and that had the same orientation as putative exons of a gene. For the Pro-Gen method we carried out homology-based gene prediction using the genomic sequences of human and mouse corresponding to regions with high density of conserved blocks ($5 blocks within 40 kb). For the EST matches pairs of adjacent conserved blocks that matched the same human or mouse EST were considered putative pairs of exons of the same gene. The EST entries used were from the Human Genome Mapping Project (HGMP) database. The fourth method was adjacent conserved blocks. Pairs of adjacent conserved blocks that had a low ratio of replacement (K a ) to silent substitutions (K s ) in one of the six putative coding frames (K a /K s , 0.5) and similarity between human-mouse .85% were chosen.
RT-PCR analysis
The expression of the above predictions was tested by RT-PCR. Total RNA derived from 20 different normal human adult tissues (brain, heart, kidney, spleen, liver, stomach, colon, small intestine, muscle, lung, testis, placenta, skin, peripheral blood lymphocytes, bone marrow, fetal brain, fetal liver, fetal kidney, fetal heart and fetal lung) was extracted, reverse-transcribed and normalized. The quality of total RNA was tested by PCR using MLH1 primers located at intronic sequences flanking exon 12 (forward, 5 0 -TGGTGTCTCTAGTTCTGG-3 0 ; reverse, 5 0 -CATTGTTGTAGTAGCTCTGC-3 0 ), as an indicator of possible genomic DNA contamination. Primers for RT-PCR were designed using the Primer3 program (http://www-genome.wi.mit.edu/cgi-bin/primer/ primer3_www.cgi). Primers were designed from the sequence of distinct putative exons so that the possible amplification of genomic DNA could be distinguished from cDNA amplification. We chose a single PCR rather than a nested PCR approach to avoid falsepositive results due to illegitimate transcription. Similar amounts of the 20 cDNAs (final dilution £ 250) were mixed with JumpStart REDTaq ReadyMix (Sigma) and 4 ng ml 21 of each of the primers (Sigma-Genosys) with a BioMek 2000 robot (Beckman). The ten first cycles of PCR amplification were performed with a touchdown annealing temperature decreasing from 60 8C to 50 8C; annealing temperature of the next 35 cycles was 50 8C. Amplimers were separated on Ready to Run precast gels (Pharmacia), and positives were sequenced directly.
